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(57) Abstract: A pixel device is provided, 
which comprises: (A) an electrochemical 
transistor device with a source and a drain 
contact; a gate electrode; an electrochemically 
active element arranged between, and in 
direct electrical contact with, the source and 
drain contacts, which electrochemically active 
element comprises a transistor channel and is 
of a material comprising an organic material 
having the ability of electrochemically altering 
its conductivity through change of redox state 
thereof; and a solidified electrolyte in direct 
electrical contact with the electrochemicaJly 
active element and the gate electrode and 
interposed between them in such a way that 
electron flow between the electrochemically 
active element and said gate electrode(s) is 
prevented; whereby flow of electrons between 
source contact and drain contact is controllable 
by means of a voltage applied to said gate 
electrode(s), and (B) an electrochromic 
device comprising: an electrochromic element 
comprising (i) a materia] that is electrically 
conducting in at least one oxidation state and 
(ii) an electrochromic material, wherein said materials (i) and (ii) can be the same or different; a layer of a solidified electrolyte 
which is in direct electrical contact with said electrochromic element; and two electrodes adapted for application of a voltage 
therebetween; each of said electrodes being in direct electrical contact with a component selected from said electrolyte Iayer(s) and 
said electrochromic element, in which pixel device one of said source and drain contacts of the electrochemical transistor device A 
is in electrical contact with one of the electrodes of the electrochromic device B. Also provided are matrices of such electrochemical 
pixel devices, and pixelated displays incorporating the matrices. A process for the production of an electrochemical pixel device is 
also provided. 
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ELECTROCHEMICAL PIXEL DEVICE 

Field of the invention 

The present invention is related to electrochemical 
devices, in particular to printable, electrochemical 
pixel devices based on conducting organic materials and 
5 electrochromic materials. The invention also relates to a 
process for the production of an electrochemical pixel 
device, and to matrices of electrochemical pixel devices. 

Background of the invention 

10 Semiconducting and conducting organic materials, 

both polymers and molecules, have successfully been in- 
cluded in a large range of electronic devices, e g elec- 
trochemical devices, for instance as dynamic colorants in 
smart windows and in polymer batteries. Reversible doping 

15 and de-doping involving mobile ions switches the material 
between different redox states. 

Use has been made of semiconducting polymers for the 
realisation of field effect transistor (FET) devices. The 
transistor channel of these devices comprises the semi- 

20 conducting polymer in question, and their function is 

based on changes in charge carrier characteristics in the 
semiconducting polymer, caused by an externally applied 
electric field. In such transistors, the polymer is used 
...as a traditional semiconductor, in that the electric 

25 . field merely redistributes charges within the polymer ma- 
terial. One such transistor has been realised, which is 
adapted for miniaturisation and can be used for the pro- 
duction of integrated circuits consisting entirely of 
polymer material (PCT publication WO99/10939) . A stack of 

30 sandwiched layers is described, with either a top-gate or 
a bottom-gate structure. A transistor device with a simi- 
lar architecture, also using a polymer as semiconducting 
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material in the channel of the transistor, is described 
in the European patent application EP1041653. 

Another type of transistor device based on organic 
materials utilises electrochemical redox reactions in the 
5 organic material. These devices comprise an electrolyte 
and a conducting polymer that can be switched between an 
oxidised and a reduced state. One of these oxidation 
states then corresponds to low, preferably zero, conduc- 
tivity in the material, whereas the other oxidation state 

10 corresponds to a high conductivity relative to the first 
state. Electrochemical transistor devices have been used 
as sensors, e g for detection of oxidant in a solution 
(see, for review, Baughman and Shacklette, Proceedings of 
the Sixth Europhysics Industrial Workshop (1990) f p 47- 

15 61) . Furthermore, a transistor of the electrochemical 

type is reported in Rani et al, J Solid State Electrochem 
(1998), vol 2, p 99-101. The gate electrode architecture 
in this prior art transistor is shown in figure 1 of this 
reference . 

20 Electrochromic materials exhibit colour changes or 

changes in optical density as a result of electrochemical 
reduction and/ or oxidation reactions. An electrochromic 
material can either be present as a solid, or exist as 
molecular, neutral or ionic species in an electrolyte so- 

25 lution. These materials have been used for the creation 
of electrochromic cells, where the passage of electric 
charge causes colour changes in the materials. Electro- 
chromic cells are used in electrochromic devices of dif- 
ferent kinds, and two principal categories of these de- 

30 vices can be distinguished. The two categories differ 

from each other mainly in the arrangement of the elements 
of the electrochromic cell. 

The first category of electrochromic devices util- 
ises a sandwich construction, and is used in applications 

35 such as automobile windows, building windows, sunglasses, 
large billboards, mirrors with variable reflectance, sun- 
roofs etc. In this type of electrochromic device, con- 
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tinuous layers of electrochromic material and electrolyte 
(as well as other layers of e g ion reservoir material) 
are confined between two electrodes that completely cover 
the layers of electrochromic material and electrolyte. 
5 For the electrochromic device to be of use, at least one 
of said electrodes has to be transparent to let light 
through the device. This requirement is met in the prior 
art through the use of electrode materials such as in- 
dium-doped tin oxide (ITO) , tin dioxide or fluorine -doped 

10 tin dioxide. The electrochromic materials used in these 
applications vary, but are often based on heavy metal ox- 
ides such as W0 3 or conducting polymers such as polyani- 
line or polypyrrole. The conducting, electrochromic poly- 
mer poly- (3 , 4-ethylendioxythiophene) (PEDOT) has at- 

15 tracted much study, and sandwich devices incorporating 
this polymer have been realised. 

The second category of electrochromic devices aim at 
providing an electrically updateable display for realisa- 
tion on a flexible support. US patent 5 754 329 describes 

20 such a display, in which the electrodes of the electro- 
chromic device are placed in one and the same plane, con- 
tacting a layer of electrochromic material for the gen- 
eration of local colour effects at the interface between 
the electrochromic material and the electrodes. 

25 US 5 877 888 represents a further development of this de- 
vice, describing a two-sided display. However, the ar- 
rangement of the component layers of the electrochromic 
device is similar to that of the device of the 
US 5 754 329 patent, considering that the electrodes on 

30 either side of the display support contact electrochromic 
material only, and the generation of electrochromic ef- 
fects is confined to the area of the electrodes. The 
electrochromic materials that are used in these devices 
are described in detail in US 5 812 300. 

35 Active addressing of pixel displays is described e g 

by Firester AH, in "Active Matrix Technology" , chapter 5 
of "Flat-Panel Display Technologies" , eds Tannas, Glenn, 
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Doane et al, 1995 (ISBN 0-8155-1387-9) . The prior art in 
this field may furthermore be represented by US patents 
6 157 356, 6 023 259 and 6 072 517. Active matrix driven 
OLED-displays (organic light emitting displays) have been 
5 realised by e g Philips and Cambridge Display Technology 
(CDT) . In parallel to what was noted in connection with 
transistors above, the transistors used in all of these 
applications, when employing a polymer material, utilise 
the polymer material as a traditional semiconductor. 

10 Problems with the pixel matrices in the displays of 

the prior art mentioned above include the fact that they 
are difficult and expensive to manufacture. In particu- 
lar, no electrochemical pixel devices have been disclosed 
which are truly capable of being mass produced. Further- 

15 more, the practical use of the pixel elements in the 
prior art devices has been hampered by their compara- 
tively high power consumption. Also, materials used in 
prior art devices suffer from a lack of environmental 
friendliness, processability and economic production pos- 

20 sibilities. There is therefore a need for new and im- 
proved pixel devices for incorporation in matrices that 
may be used in displays. 

Summary of the invention 

25 One of the objects of the present invention is then 

to meet this demand, by developing the art of electro- 
chemical pixel devices, and by providing a device with . 
handling, production, disposal and other characteristics 
superior to those of the prior art. 

30 Another object of the present invention is to pro- 

vide an electrochemical pixel device which can be depos- 
ited on a large range of different rigid or flexible sub- 
strates by conventional printing methods. " 

Yet another object of the present invention is to 

35 provide an environmentally safe electrochemical pixel de- 
vice, so that the disposal of the device, along with any 
support onto which it has been deposited, doesn't give 
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rise to handling problems, and so that no safety restric- 
tions have to be imposed on the use of the device. 

Another object of the present invention is to pro- 
vide an actively addressed matrix display, offering ver- 
5 satility and ease of design, and enabling a good picture 
quality. 

Still another object of the present invention is to 
make possible new applications of conducting organic ma- 
terials, using several different properties of such mate- 

10 rials in combination. 

A further object of the invention is to provide 
processes for the production of such devices, which proc- 
esses utilise conventional printing methods or other 
deposition techniques that are well known, relatively un- 

15 expensive and easily scaled up. 

The aforementioned objects are met by the invention 
as defined in the independent claims. Specific embodi- 
ments of the invention are defined in the dependent 
claims. In addition, the present invention has other ad- 

20 vantages and features apparent from the detailed descrip- 
tion below. 

Thus, an electrochemical pixel device is provided, 
which comprises the following components: 

(A) an electrochemical transistor device comprising: 

25 a source contact; a drain contact; at least one gate 

electrode; an electrochemically active element arranged 
between, and in direct electrical contact with, the 
source and drain contacts, which electrochemically active 
element comprises a transistor channel and is of a mate- 

3 0 rial comprising an organic material having the ability of 
electrochemically altering its conductivity through 
change of redox state thereof; and a solidified electro- 
lyte in direct electrical contact with the electrochemi- 
cally active element and said at least one gate electrode 

35 and interposed between them in such a way that electron 
flow between the electrochemically active element and 
said gate electrode (s) is prevented; whereby flow of 
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electrons between source contact and drain contact is 
controllable by means of a voltage applied to said gate 
electrode (s) , and 

(B) an electrochromic device comprising: at least 
5 one electrochromic element comprising (i) at least one 
material that is electrically conducting in at least one 
oxidation state and (ii) at least one electrochromic ma- 
terial, wherein said materials (i) and (ii) can be the 
same or different; at least one layer of a solidified 

10 electrolyte which is in direct electrical contact with 
said electrochromic element; and at least two electrodes 
adapted for application of a voltage therebetween; each 
of said electrodes being in direct electrical contact 
with a component selected from said electrolyte layer (s) 

15 and said electrochromic element; 

in which pixel device one of said source and drain 
contacts of the electrochemical transistor device A is in 
electrical contact with one of the electrodes of the 
electrochromic device B. 

20 Thus, the invention is based on the finding that a 

so called "smart pixel", comprising a combination of a 
transistor and a colour cell, may be assembled by the 
novel components as described above. Depending on the 
electrochemical properties of the precise materials used 

25 in the electrochemical transistor device A and the elec- 
trochromic device B, the electrochromic device B may be 
connected to either of the source and drain contacts of 
the electrochemical transistor device A. The electro- 
chemical pixel device is advantageous in that a voltage 

30 applied to the electrochromic display B for colouring or 
decolouring the electrochromic element may be modulated 
by controlling the gate voltage of the electrochemical 
transistor device A. This beneficial property of the 
electrochemical pixel device of the invention makes it 

35 suitable for construction of matrix assemblies of such 
pixels. The electrochemical pixel devices of the inven- 
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tion may thus be used to form a matrix that may be ac- 
tively addressed, in a manner known per se in the art. 



Electrochemical transistor device A: 
5 The architecture of the electrochemical transistor 

device A in the electrochemical pixel device according to 
the invention is advantageous in that it makes possible 
the realisation of a layered transistor device with only 
a few layers, having for example one patterned layer~bf 

10 material comprising a conducting organic material, which 
layer comprises source and drain contacts and gate elec- 
trode (s), as well as the electrochemically active ele- 
ment. The source and drain contacts and the electrochemi- 
cally active element are then preferably formed by one 

15 continuous piece of said material . The source and drain 
contacts could alternatively be formed from another elec- 
trically conducting material in direct electrical contact 
with the electrochemically active element. The gate elec- 
trode (s) may also be of another electrically conducting 

20 material. To provide for the necessary electrochemical 

reactions, whereby the conductivity in the active element 
is changed, a solidified electrolyte is arranged so that 
it is in direct electrical contact with both the active 
element and the gate electrode (s) . 

25 In a preferred embodiment, the source and drain con- 

tacts and gate electrode (s) , as well as the active ele- 
ment, are all arranged to lie in a common plane, further 
simplifying production of the device by ordinary printing 
methods. Thus, the electrochemical device according to 

3 0 this embodiment of the invention uses a lateral device 
architecture. A layer of solidified electrolyte can ad- 
vantageously be deposited so that it covers, at least 
partly, the gate electrode (s) as well as covering the 
electrochemically active element. This layer of solidi- 

35 fied electrolyte may be continuous or interrupted, de- 
pending partly on which of two main types of transistor 
architectures is to be realised (see below) . 
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The electrochemical transistor device A in the elec- 
trochemical pixel device according to the invention al- 
lows for control of electron flow between source and 
drain contacts, and thus for control of the current 
5 through the electrochromic element of the electrochromic 
device B. The conductivity of the transistor channel of 
the elect rochemically active element can be modified, 
through altering of the redox state of the organic mate- 
rial therein. This is achieved by application of a volt- 

10 age to the gate electrode (s) , which generates an electric 
field in the electrolyte. In the contact area between 
electrolyte and electrochemically active element, elec- 
trochemical redox reactions take place, which change the 
conductivity of the organic material . Either the organic 

15 material in the transistor channel is modified from a 

conducting state to a non-conducting state as a result of 
said redox reactions, or it is modified from a non- 
conducting to a conducting state. 

As is readily appreciated by the skilled person, and 

2 0 in analogy to conventional field effect transistors, the 
electrochemical transistor device A in the electrochemi- 
cal pixel device of the invention may readily be made to 
function as a diode device through short-circuiting of 
the gate electrode and' source contact, or of the gate 

25 electrode and drain contact. Any configuration of the 

electrochemical transistor device A may be used as a di- 
ode in this fashion. 

Depending on the precise patterning of the conduct- 
ing organic material and the electrolyte, the electro- 

30 chemical transistor device A in the electrochemical pixel 
device of the invention can either be of a bi -stable or a 
dynamic type. In the bi-stable transistor embodiment, a 
voltage applied to the gate electrode (s) leads to a 
change in conductivity in the transistor channel that is 

35 maintained when the external circuit is broken, i e when 
the applied voltage is removed. The electrochemical reac- 
tions induced by the applied voltage can not be reversed, 
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since the electrochemically active element and the gate 
electrode (s) are not in direct electrical contact with 
each other, but separated by electrolyte. In this embodi- 
ment, the transistor channel can be switched between non- 
5 conducting and conducting states using only small, tran- 
sient gate voltages. The bi- stable transistor can be kept 
in an induced redox state for days, and, in the most pre- 
ferred, ideal case, indefinitely. 

Thus, the bi- stable embodiment of the electrochemi- 

10 cal transistor device A offers a memory function, in that 
it is possible to switch the transistor on or off using 
only a short voltage pulse applied to the gate electrode. 
The transistor stays in the conducting or non-conducting 
redox state even after the applied voltage has been re- 

15 moved. A further advantage with such bi-stable transis- 
tors is that close to zero-power operation is made possi- 
ble, since the short voltage pulses applied to the gate 
need not be larger than a fraction of the gate voltages 
needed for operation of a corresponding dynamic device. 

20 In the dynamic embodiment of the electrochemical 

transistor device A, the change in the redox state of the 
material is reversed spontaneously upon withdrawal of the 
gate voltage. This reversal is obtained through the pro- 
vision of a redox sink volume adjacent to the transistor 

25 channel in the electrochemically active element. Also, a 
second gate electrode is provided, and arranged so that 
the two gate electrodes are positioned on either side of 
the electrochemically active element, one closer to the 
transistor channel, and the other closer to the redox 

30 sink volume. Both gate electrodes are separated from the 
electrochemically active element by electrolyte. Applica- 
tion of a voltage between the two gate electrodes results 
in the electrochemically active element being polarised, 
whereby redox reactions take place in which the organic 

35 material in the transistor channel is reduced while the 

organic material in the redox sink volume is oxidised, or 
vice versa. Since the transistor channel and the redox 
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sink volume are in direct electrical contact with each 
other, withdrawal of gate voltage leads to a spontaneous 
reversal of the redox reactions, so that the initial con- 
ductivity of the transistor channel is re-established. It 
5 is to be stressed that in contrast to electrochemical 
transistors of the prior art, dynamic transistors com- 
prised in this embodiment of the present invention revert 
spontaneously to the initial conductivity state without 
the need for a reversing bias. 

10 

Electrochromic device B: 

The electrochromic device B in the electrochemical 
pixel device according to the invention comprises an 
electrochromic element in direct electrical contact with 

15 an electrolyte. At least two electrodes of a voltage sup- 
ply are each in direct electrical contact with either of 
the electrolyte or electrochromic element, in order to 
enable supply of charge carriers for colouring, or decol- 
ouring, electrochemical reactions. The electrodes may be 

20 formed from the same material as the electrochromic ele- 
ment . The contact of electrodes to the electrochromic 
element, whether directly or via electrolyte, may be made 
through a lateral or a vertical arrangement, depending on 
the design of the electrochemical pixel device according 

25 to the invention. 

In one embodiment, an electrochromic device B of the 
electrochemical pixel device is provided, in which the 
electrodes are arranged side by side in a plane. The 
electrodes then form an electrode layer, which can be de- 

30 posited on a support in a conventional manner, and pat- 
terned in any desirable fashion. When this arrangement of 
electrodes is used, the connections formed with the elec- 
trolyte or electrochromic element are preferably made 
with only one layer of said electrolyte or electrochromic 

35 element. Alternatively, one of the electrodes is posi- 
tioned laterally in relation to the electrochromic ele- 
ment, whereas a second electrode is positioned under- 
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neath, separated from the electrochromic element by elec- 
trolyte. Such a vertical design may be advantageous in 
the construction of electrochemical pixel devices, since, 
in this arrangement, several of the components of the 
5 electrochromic device, excepting of course the electro- 
chromic element, may be hidden from the viewer. This ar- 
rangement of electrochromic element on top of the elec- 
trolyte and second electrode is particularly advantageous 
in the context of a matrix of a plurality of electro- 

10 chemical pixel devices, which matrix forms a pixelated 
display. The fact that a maximum portion of the visible 
face of such a display consists of electrochromic ele- 
ments gives a maximal picture quality and clarity. Also, 
the construction of a matrix of electrochemical pixel de- 

15 vices is made simpler with this vertical arrangement of 
the electrodes of the electrochromic device B, since 
fewer crossings of conductors with each other need to be 
designed. This aspect of the design of the electrochromic 
device B of the electrochemical pixel device of the in- 

20 vention will be discussed in greater detail below. 

In some embodiments of the invention, the electro- 
lyte in the electrochromic device B is in the form of a 
continuous layer, giving rise to a dynamic device in 
which application of voltage results in a colour change 

25 that is reversed upon removing the voltage. In other em- 
bodiments of the present invention, an electrochromic de- 
vice is provided in which the electrolyte is patterned 
between electrodes. The conduction of ions in this device 
is then interrupted, so that the application of voltage 

30 to the electrochemical cell of the device results in re- 
duction and oxidation reactions that are not reversed 
upon removing the voltage. Thus, bi-stable switching be- 
tween states is made possible by these accumulator- like 
properties of such embodiments of the device. 

35 In embodiments of the invention, an electrochromic 

device is provided, which comprises at least one further 
electrochromic material to complement said electrochromic 
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material in the electrochromic element. This makes it 
possible to realise devices with more than one colour, 
with for example one colour- generating oxidation reaction 
and one colour-generating reduction reaction taking place 
5 simultaneously at different locations in the device. As a 
further example, redox reactions giving rise to different 
colours at the same location, but at different applied 
voltages, can be designed. This further electrochromic 
material can be provided within the solidified electfo- 

10 lyte or within the electrochromic element, which then for 
example comprises an electrochromic redox pair. 

Embodiments of the electrochromic device B in the 
electrochemical pixel device of the invention may also 
comprise a redox active material which does not in itself 

15 give rise to electrochromic effects . Such a material may 
fulfil any or both of the following two roles: (i) In 
some arrangements of the electrochromic device B, the 
electrochromic material of the entire volume of the elec- 
trochromic element can not be completely oxidised or re- 

20 duced in the absence of a complementary redox reaction; 

rather, only part of the material will be oxidised or re- 
duced, respectively. Thus, the addition of a further re- 
dox active material makes it possible to fully oxidise or 
reduce the electrochromic material, (ii) The electro- 

25 cromic material may be sensitive to over- oxidation, oc- 
curring at too high an applied voltage, and destroying 
the electrochromic material rendering it useless. A fur- 
ther redox active material comprised in the device may 
serve the function of protecting the electrocromic mate- 

3 0 rial from such over-oxidation, through restricting the 

electric polarisation in the electrochromic element to a 
value below a threshold value. At this threshold value, 
the protective, further redox active material will in- 
stead be oxidised, protecting the electrochromic material 

35 from a polarisation that would otherwise destroy it. As 

is readily appreciated by the skilled man in the light of 
what is discussed above, a suitably chosen redox active 
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material, exhibiting electrochromic effects, could serve 
the function of providing a complementary, colour- 
generating reaction, at the same time as it provides ei- 
ther or both of the beneficial effects of protection 
5 against over-oxidation and enabling of complete reduc- 
tion/oxidation of the first electrochromic material. 

In some embodiments of the electrochromic device B 
in the electrochemical pixel device of the invention, dy- 
namic or variable colouring effects in the electrochromic 

10 device may be generated through use of a combination of 

different solidified electrolytes, having different ionic 
conductivities. Parts of an electrochromic element, or 
some of a plurality of electrochromic elements, may then 
be in direct electrical contact with such different elec- 

15 trolytes . Electrochromic areas that are in contact with 

an electrolyte having higher ionic conductivity will col- 
our/decolour faster than electrochromic areas that are in 
contact with an electrolyte having a lesser ionic conduc- 
tivity, which makes possible different combinations of 

2 0 image elements with different colouring and decolouring 
speeds . 

As described above, in preferred embodiments of the 
invention, the source and drain contacts, the electro- 

25 chemically active element and the gate electrode (s) of 
the electrochemical transistor device A are all formed 
from the same material . Suitably, and provided that the 
material has electrochromic properties, this material is 
also used for the formation of the electrochromic element 

30 in the electrochromic device B, and, even more prefera- 
bly, also for the formation of the electrochromic device 
electrodes. Suitably, in view of the various desirable 
properties of said material, the common material chosen 
for the different components is an electrochromic polymer 

35 which is conducting in at least one oxidation state. 

Suitable such polymers are listed in the "Materials" sec- 
tion below. 
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For the successful operation of the electrochemical 
pixel device, both the electrochemical transistor device 
A and the electrochromic device B comprise a solidified 
electrolyte. In A, the electrolyte makes possible the 
5 electrochemical reactions that change the conductivity in 
the transistor channel, whereas in B, it enables the 
electrochemical reactions resulting in a colour change in 
the electrochromic element. The solidified electrolytes 
in A and B may be the same or different, and is as de- 

10 fined in the "Materials" section below. For reasons of 
processability and ease of design, the solidified elec- 
trolytes in A and B are preferably the same. 

Another aspect of the invention provides a matrix of 
electrochemical pixel devices as described above. The 

15 beneficial process characteristics of the electrochemical 
pixel device makes it suitable for incorporation in a ma- 
trix comprising a plurality of similar or identical pixel 
devices, in order to form an actively addressed pixel ma- 
trix. As is known to the person skilled in the art of 

20 displays incorporating actively addressed matrices, such 
a matrix of pixels exploits the possibility provided by a 
transistor coupled to a pixel to control the current 
flows to the colour elements of the pixels. If a matrix 
according to this aspect of the invention consists of, 

25 for example, three rows and three columns of the novel 
electrochemical pixel devices described herein, there 
will be nine electrochromic devices B whose colour may be 
changed individually. There will also be nine electro- 
chemical transistor devices A to control the current. One 

3 0 row or column of the matrix may be updated at a time. In 
other words, e g all the transistors in the two lowest 
rows are set to the w off" state, and are thus in a non- 
conducting state. The transistors in the upper row are 
set to the conducting or w on" state, so that the colour 

35 of all electrochromic devices in this row may be indi- 
vidually changed. After completion of the process for the 
displays in the first row, the transistors in the first 
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and third row will be set to their "off states, whereas 
the transistors in the second row are set to their w on" 
state in order that the displays in the second row may 
now be individually updated. By setting the transistors 
5 in a row to the "off" state after updating of this row, 
the charges loaded into the electrochromic elements in 
question will- be trapped there, which in turn means that 
a certain electrochromic element can stay in its colour 
changed state for some time. In summary, the transistors 

10 make control of the current applied to the electrochromic 
elements possible, and thereby also the selection of in- 
dividual display cells to be switched. The skilled person 
may create a matrix of electrochemical pixel devices ac- 
cording to the invention, having any number of pixels 

15 without undue experimentation, using the teachings 

herein. Specific embodiments showing alternative matrix 
designs and variants of the electrochemical pixel device 
to be used in such matrices are shown in the detailed de- 
scription below. Especially, the electrochemical transis- 

2 0 tor devices A in the pixels forming part of such a matrix 
may have one or two electrodes for supply of gate voltage 
to the transistor channel. Different characteristics are 
obtained in the different cases, as explored in further 
detail below. Briefly, a design having two gate elec- 

25 trodes generally provides for better control of the cur- 
rents in the matrix system. However, a design of only one 
gate electrode prevents cross-talk between the second 
gate electrodes of all the pixels in a row, which may oc- 
cur as a disadvantage in the two-gate design. The one- 

30 gate design also makes for fewer crossings of conductors. 
The problem of cross-talk between gate electrodes in a 
row may also be addressed by the provision of resis- 
tances, which prevent the current from a certain pixel 
from spreading to other pixels in the same row. 

35 The invention in a further aspect also extends to a 

pixelated display which comprises such a matrix of elec- 
trochemical pixel devices. 
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The electrochemical pixel device according to the 
invention is advantageous in that it can be easily real- 
ised on a support, such as polymer film or paper. Thus, 
the different components can be deposited on the support 
5 by means of conventional printing techniques such as 
screen printing, offset printing, ink- jet printing and 
flexographic printing, or coating techniques such as 
knife coating, doctor blade coating, extrusion coating 
and curtain coating, such as described in "Modern Coating 

10 and Drying Technology" (1992), eds E D Cohen and E B Gut- 
off, VCH Publishers Inc, New York, NY, USA. In those em- 
bodiments of the invention that utilise a polymer as the 
organic material in the electrochemical transistor device 
A or as the electrochromic material in the electrochromic 

15 device B (see below for materials specifications) , this 
material can also be deposited through in situ polymeri- 
sation by methods such as electropolymerisation, UV- 
polymerisation, thermal polymerisation and chemical po- 
lymerisation. As an alternative to these additive tech- 

20 niques for patterning of the components, it is also pos- 
sible to use subtractive techniques, such as local de- 
struction of material through chemical or gas etching, by 
mechanical means such as scratching, scoring, scraping or 
milling, or by any other subtractive methods known in the 

25 art. Yet another aspect of the invention provides such 

processes for the manufacture of an electrochemical pixel 
device from the materials specified herein. 

According to a preferred embodiment of the inven- 
tion, the electrochemical pixel device is encapsulated, 

30 in part or entirely, for protection of the device. The 
encapsulation retains any solvent needed for e g the so- 
lidified electrolyte to function, and also keeps oxygen 
from disturbing the electrochemical reactions in the de- 
vice. Encapsulation can be achieved through liquid phase 

35 processes. Thus, a liquid phase polymer or organic mono- 
mer can be deposited on the device using methods such as 
spray- coating, dip-coating or any of the conventional 
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printing techniques listed above. After deposition, the 
encapsulant can be hardened for example by ultraviolet or 
infrared irradiat ion, by solvent evaporation, by cooling 
or through the use of a two- component system, such as an 
5 epoxy glue, where the components are mixed together di- 
rectly prior to deposition. Alternatively, the encapsula- 
tion is achieved through lamination of a solid film onto 
the electrochemical pixel device. In preferred embodi- 
ments of the invention, in which the components of the 

10 electrochemical pixel device are arranged on a support, 
this support can function as the bottom encapsulant. In 
this case encapsulation is made more convenient in that 
only the top of the sheet needs to be covered with liquid 
phase encapsulant or laminated with solid film. 

15 Further objects and purposes of the present inven- 

tion will be clear from the following drawings and de- 
tailed description of specific embodiments thereof. These 
specifications and drawings are intended as illustrations 
of the invention as claimed, and are not to be seen as 

20 limiting in any way. 

Brief description of the drawings 

Figure 1 shows a top view of elements of one embodi- 
ment of an electrochemical pixel device according to the 
25 invention. 

Figure 2 is a diagram showing current during colour- 
ing of a pixel as shown in figure 1. V ds = 2 V, V g = 0 V. 

Figure 3 is a diagram showing currents during decol- 
ouring of a pixel as shown in figure 1. A: V g = 1.4 V. B: 
30 V g = 0 V. 

Figure 4 is a diagram showing current during decol- 
ouring of a pixel as shown in figure 1. V g = 1,4 V during 
the first 50 seconds, thereafter V g = 0 V. 

Figure 5 shows a top view of a 5x1 matrix of elec- 
35 trochemical pixel devices like the one shown in figure 1. 

Figure 6 shows a top view of a 5x5 matrix of elec- 
trochemical pixel devices like the one shown in figure 1. 
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Figure 7 shows a top view of a 3x3 matrix of elec- 
trochemical pixel devices according to another embodiment 
of the invention. 

Figures 8A-8D illustrate an alternative design of a 
5 3x3 matrix of electrochemical pixel devices according to 
another embodiment of the invention, having a vertical, 
three -layered design. Figure 8A shows a top view of the 
bottom layer only. Figure 8B shows a top view of the mid- 
dle layer only. Figure 8C shows a top view of the top 
10 layer only. Figure 8D is a cross section from the side 
showing the three layers of figures 8A-8C stacked to- 
gether to form the electrochemical pixel device matrix. 

Description of preferred embodiments 

15 

Definitions : 

Source contact: an electrical contact which provides 
charge carriers to a transistor channel. 

Drain contact : an electrical contact which accepts 

20 charge carriers from a transistor channel . 

Gate electrode: an electrical contact of which any 
fraction of the surface area is in direct electrical con- 
tact with solidified electrolyte, and therefore in ionic 
contact with the electrochemically active element. 

25 Electrochemically active element: an "electro- 

chemically active element" according to the present in- 
vention, is a piece of a material comprising an organic 
material having a conductivity that can be electrochemi- 
cally altered through changing of the redox state of said 

30 organic material. The electrochemically active element is 
in ionic contact with at least one gate electrode via a 
solidified electrolyte. The electrochemically active ele- 
ment may furthermore be integrated with each of the 
source and drain contacts individually or with both of 

35 them, being composed of the same or different materials. 
The electrochemically active element in the electrochemi- 
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cal transistor device A in the electrochemical pixel de- 
vice of the invention comprises a transistor channel. 

Transistor channel: the "transistor channel' 7 of the 
electrochemically active element establishes electrical 
5 contact between source and drain contacts. 

Redox sink volume: in certain embodiments of the 
electrochemical transistor device A, the electrochemi- 
cally active element further comprises a "redox sink vol- 
ume' 7 . This is a part of the electrochemically active ele- 

10 ment adjacent to and in direct electrical contact with 

the transistor channel, which can provide or accept elec- 
trons to or from the transistor channel. Thus, any redox 
reactions within the transistor channel are complemented 
by opposing reactions within the redox sink volume. 

15 Redox state: when reference is made to changes in 

the "redox state 77 of the electrochemically active element 
or electrochromic element, this is intended to include 
cases where the material in the element is either oxi- 
dised or reduced, as well as cases where there is a re- 

20 distribution of charges within the element, so that one 

end is reduced and the other end is oxidised. In the lat- 
ter case, the element as a whole retains its overall re- 
dox state, but its redox state has nevertheless been 
changed according to the definition used herein, due to 

25 the internal redistribution of charge carriers. 

Electrochromic element: an "electrochromic element 77 
in the devices of the invention is a continuous geometri- 
cal body, which can be patterned to different shapes, and 
is composed of one material or a combination of materi- 

30 als. The material (s) may be organic or inorganic, molecu- 
lar or polymeric. Such an electrochromic element, whether 
it is composed of one material or is an ensemble of more 
than one material, combines the following properties: at 
least one material is electrically conducting in at least 

35 one oxidation state, and at least one material is elec- 
trochromic, i e, exhibits colour change as a result of 
electrochemical redox reactions within the material. 
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Solidified electrolyte: for the purposes of the in- 
vention, "solidified electrolyte" means an electrolyte, 
which at the temperatures at which it is used is suffi- 
ciently rigid that particles/flakes in the bulk therein 
5 are substantially immobilised by the high viscos- 
ity/rigidity of the electrolyte and that it doesn't flow 
or leak. In the preferred case, such an electrolyte has 
the proper rheological properties to allow for the ready 
application of this material on a support in an integral 

10 sheet or in a pattern, for example by conventional print- 
ing methods. After deposition, the electrolyte formula- 
tion should solidify upon evaporation of solvent or be- 
cause of a chemical cross -linking reaction, brought about 
by additional chemical reagents or by physical effect, 

15 such as irradiation by ultraviolet, infrared or microwave 
radiation, cooling or any other such. The solidified 
electrolyte preferably comprises an aqueous or organic 
solvent -containing gel, such as gelatine or a polymeric 
gel. However, solid polymeric electrolytes are also con- 

2 0 templated and fall within the scope of the present inven- 

tion. Furthermore, the definition also encompasses liquid 
electrolyte solutions soaked into, or in any other way 
hosted by, an appropriate matrix material, such as a pa- 
per, a fabric or a porous polymer. In some embodiments of 
25 the invention, this material is in fact the support upon 
which the electrochemical pixel device is arranged, so 
that the support forms an integral part of the operation 
of the device. 

Electrodes: "electrodes" in devices according to the 

3 0 invention are structures that are composed of an electri- 

cally conducting material. Such electrodes allow the ap- 
plication of an external voltage to electrolyte, whereby 
an electric field within the solidified electrolyte is 
sustained for a time period long enough for the desired 
35 electrochemical reactions to occur. 

Direct electrical contact: Direct physical contact 
(common interface) between two phases (for example elec- 
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charges through the interface. Charge exchange through 
the interface can comprise transfer of electrons between 
electrically conducting phases, transfer of ions between 
5 ionically conducting phases, or conversion between elec- 
tronic current and ionic current by means of electrochem- 
istry at an interface between for example electrode and 
electrolyte, electrolyte and electrochromic element, or 
electrolyte and electrochemical ly active element, or by 

10 occurrence of capacitive currents due to the charging of 
the Helmholtz layer at such an interface. 

Colour change: when reference is made to "colour 
change", this is also meant to include changes in optical 
density or reflectance, so that "colour change" for exam- 

15 pie takes into account changes from blue to red, blue to 
colourless, dark green to light green, grey to white or 
dark grey to light grey alike. 

Materials 

20 Preferably, the solidified electrolyte in either or 

both of the electrochemical transistor device A and the 
electrochromic device B comprises a binder. It is pre- 
ferred that this binder have gelling properties. The 
binder is preferably selected from the group consisting 

25 of gelatine, a gelatine derivative, polyacrylic acid, po- 
lymethacrylic acid, poly (vinylpyrrolidone) , polysaccha- 
rides, polyacryl amides, polyurethanes, polypropylene ox- 
ides, polyethylene oxides, poly(styrene sulphonic acid) 
and poly (vinyl alcohol) and salts and copolymers thereof; 

30 and may optionally be cross-linked. The solidified elec- 
trolyte preferably further comprises an ionic salt, pref- 
erably magnesium sulphate if the binder employed is gela- 
tine. The solidified electrolyte preferably further con- 
tains a hygroscopic salt such as magnesium chloride to 

35 maintain the water content therein. 

The organic material for use in the electrochemical 
transistor device A in the electrochemical pixel device 
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of the present invention preferably comprises a polymer 
which is electrically conducting in at least one oxida- 
tion state and optionally further comprises a polyanion 
compound. Organic materials comprising combinations of 
5 more than one polymer material, such as polymer blends, 
or several layers of polymer materials, wherein the dif- 
ferent layers consist of the same polymer or different 
polymers, are also contemplated. Conductive polymers for 
use in the electrochemical transistor device of the in- 

10 vention are preferably selected from the group consisting 
of polythiophenes, polypyrroles , polyanilines , polyiso- 
thianaphthalenes, polyphenylene vinylenes and copolymers 
thereof such as described by J C Gustaf sson et al in 
Solid State Ionics, 69, 145-152 (1994); Handbook of 

15 Oligo- and Polythiophenes, Ch 10.8, Ed D Fichou, Wiley- 
VCH, Weinhem (1999) ; by P Schottland et al in Macromole- 
cules, 33, 7051-7061 (2000); Technology Map Conductive 
Polymers, SRI Consulting (1999) ; by M Onoda in Journal of 
the Electrochemical Society, 141, 338-341 (1994) ; by 

20 M Chandrasekar in Conducting Polymers, Fundamentals and 
Applications, a Practical Approach, Kluwer Academic Pub- 
lishers, Boston (1999) ; and by A J Epstein et al in Mac- 
romol Chem, Macromol Symp, 51, 217-234 (1991) ♦ In an es- 
pecially preferred embodiment, the organic material is a 

25 polymer or copolymer of a 3 , 4-dialkoxythiophene, in which 
said two alkoxy groups may be the same or different or 
together represent an optionally substituted oxy- 
alkylene-oxy bridge. In the most preferred embodiment, 
the polymer is a polymer or copolymer of a 3 , 4-dialkoxy- 

30 thiophene selected from the group consisting of poly (3,4 - 
methylenedioxythiophene) , poly (3 , 4-methylenedioxythio- 
phene) derivatives, poly (3 , 4 -ethyl enedioxy thiophene) , 
poly (3,4 -ethyl enedioxythiophene) derivatives , poly (3,4- 
propylenedioxythiophene) , poly (3 , 4 -propyl enedioxythio- 

35 phene) derivatives, poly (3 , 4 -butyl enedioxy thiophene) , 

poly (3,4 -butylenedioxythiophene) derivatives, and copoly- 
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mers therewith. The polyanion compound is then preferably 
poly(styrene sulphonate) . 

In preferred embodiments , the electrochromic element 
for use in the electrochromic device B in the electro- 
5 chemical pixel device of the present invention comprises, 
as electrochromic material, an electrochromic polymer 
which is electrically conducting in at least one oxida- 
tion state, and optionally also comprises a polyanion 
compound. Electrochromic polymers for use in the electro- 

10 chromic element of the electrochromic device of the in- 
vention are preferably selected from the group consisting 
of electrochromic polythiophenes , electrochromic polypyr- 
roles, electrochromic polyanilines, electrochromic poly- 
isothianaphthalenes, electrochromic polyphenylene vi- 

15 nylenes and copolymers thereof, such as described by J C 
Gustafsson et al in Solid State Ionics, 69, 145-152 
(1994); Handbook of Oligo- and Polythiophenes, Ch 10.8, 
Ed D Fichou, Wiley-VCH, Weinhem (1999); by P Schottland 
et al in Macromolecules, 33, 7051-7061 (2000); Technology 

20 Map Conductive Polymers, SRI Consulting (1999); by M 
Onoda in Journal of the Electrochemical Society, 141, 
338-341 (1994) ; by M Chandrasekar in Conducting Polymers, 
Fundamentals and Applications, a Practical Approach, Klu- 
wer Academic Publishers, Boston (1999) ; and by A J Ep- 

25 stein et al in Macromol Chem, Macromol Symp, 51, 217-234 
(1991) . In a preferred embodiment, the electrochromic 
polymer is a polymer or copolymer of a 3 , 4-dialkoxythio- 
phene, in which said two alkoxy groups may be the same or 
different or together represent an optionally substituted 

30 oxy-alkylene-oxy bridge. In the most preferred embodi- 
ment, the electrochromic polymer is a polymer or copoly- 
mer of a 3 , 4-dialkoxythiophene selected from the group 
consisting of poly (3 , 4-methylenedioxythiophene) , poly- 
(3 , 4-methylenedioxythiophene) derivatives, poly (3 , 4-eth- 

35 ylenedioxythiophene) , poly (3 , 4-ethylenedioxythiophene) 

derivatives, poly (3 , 4-propylenedioxythiophene) , poly (3,4 - 
propylenedioxythiophene) derivatives , poly (3 , 4-butylene- 
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dioxythiophene) , poly (3 , 4-butylenedioxythiophene) deriva- 
tives, and copolymers therewith. The polyanion compound 
is then preferably poly(styrene sulfonate) . As is readily 
appreciated by the skilled man, in alternative embodi- 
5 ments of the invention, the electrochromic material com- 
prises any non-polymer material, combination of different 
non-polymer materials, or combination of polymer materi- 
als with non-polymer materials, which exhibit conductiv- 
ity in at least one oxidation state as well as electro- 

10 chromic behaviour. Electrochromic elements comprising 

combinations of more than one polymer material, such as 
polymer blends, or several layers of electrochromic mate- 
rials, wherein the different layers consist of the same 
material or different materials, e g one layer each of 

15 two different electrochromic polymers, are also contem- 
plated. 

For example, one could use a composite of an elec- 
trically conducting material and an electrochromic mate- 
rial, such as electrically conductive particles such as 

2 0 tin oxide, ITO or ATO particles with polymer or non- 

polymer electrochromic materials such as polyaniline, 
polypyrrole, polythiophene, nickel oxide, polyvinyl ferro- 
cene, polyviologen, tungsten oxide, iridium oxide, molyb- 
denum oxide and Prussian blue (ferric f errocyanide) . As 
25 non-limiting examples of electrochromic elements for use 
in the device of the invention, mention can be made of: a 
piece of PEDOT-PSS, being both conducting and electro- 
chromic; a piece of PEDOT-PSS with Fe 2+ /SCN", PEDOT-PSS 
being conducting and electrochromic and Fe 2+ /SCN~ being an 

3 0 additional electrochromic component (see below) ; a piece 

composed of a continuous network of conducting ITO parti- 
cles in an insulating polymeric matrix, in direct elec- 
trical contact with an electrochromic W0 3 - coating; a 
piece composed of a continuous network of conducting ITO 
35 particles in an insulating polymeric matrix, in contact 

with an electrochromic component dissolved in an electro- 
lyte. 
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Some embodiments of the invention comprise a further 
electrochromic material for realisation of pixel devices 
with more than one colour. This further electrochromic 
material can be provided within the electrochromic ele- 
5 ment or the solidified electrolyte of the electrochromic 
device B # which then for example comprises an electro- 
chromic redox system, such as the redox pair of colour- 
less Fe 2+ and SCN" ions on one hand, and of red 
Fe 3+ (SCN) (H 2 0) 5 complex on the other. By way of further, 

10 non-limiting example, such materials may be selected from 
different phenazines such as DMPA - 5, 10-dihydro-5, 10- 
dimethylphenazine, DEPA - 5 , 10-dihydro-5 , 10 -diethyl - 
phenazine and DOPA - 5 , 10-dihydro-5 , 10-dioctylphenazine, 
from TMPD - N,N,N' , N 1 -tetramethylphenylenediamine , TMBZ - 

15 N,N,N' ,N ! -tetramethylbenzidine, TTF - 

tetrathiafulvalene, phenanthroline-iron complexes, 
erioglaucin A, diphenyl amines, p-ethoxychrysoidine, me- 
thylene blue, different indigos and phenosaf ranines, as 
well as mixtures thereof . 

20 As described above, the electrochromic device B in 

the electrochemical pixel device of the invention may 
comprise a redox active material for reasons other than 
additional colouring effects. This redox active material 
may be the same or different from any of the further 

25 electrochromic materials listed immediately above. Thus, 
any suitable ant i -oxidant or anti-reductant may be used, 
for example organic substances like vitamin C, alcohols, 
polyalcohols (e g glycerol) or sugars, the alcohols, 
polyalcohols or sugars where appropriate being present at 

30 a high pH, conjugated polymers, oligomers and single 
molecules; inorganic substances like salts comprising 
species that may be oxidised (e g Fe 2+ to Fe 3+ , Sn 2+ to 
Sn 4+ ) , metal clusters (e g a Cu cluster or a Fe cluster) , 
or salts comprising species that may be reduced (e g Fe 3+ 

35 to Fe 2+ , Sn 4+ to Sn 2+ ) ; metal organic complexes like ferro- 
cenes, phthalocyanines, metallo-porphyrines . 
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In electrochemical pixel devices of the invention/ 
it is preferred both that the organic material in the 
electrochemical transistor device A is a polymer and that 
the electrochromic material in the electrochromic device 
5 B comprises an electrochromic polymer. In the most pre- 
ferred case, the electrochromic polymer in the electro- 
chromic device B is the same material as the polymer in 
the electrochemical transistor device A. 

The support in some embodiments of the electrochemi- 

10 cal pixel device of the present invention is preferably 
selected from the group consisting of polyethylene 
terephthalate; polyethylene naphthalene dicarboxylate; 
polyethylene; polypropylene; paper; coated paper, e g 
coated, with resins, polyethylene, or polypropylene; paper 

15 laminates,- paperboard; corrugated board; glass and poly- 
carbonate. The support is also preferably reflective. 

Embodiment of an electrochemical pixel device 

A typical electrochemical pixel device according to 

20 an embodiment of the invention is shown schematically in 
figure 1. The electrochemical pixel device 1 is con- 
structed through patterning of a suitable material (see 
above) , and comprises an electrochemical transistor de- 
vice (2-5, 10-11) and an electrochromic device (6-9) . The 

25 electrochemical transistor device comprises a source con- 
tact 2 and a drain contact 3. Between, and in direct 
electrical contact with, the source and drain contacts is 
arranged an electrochemically active element 4, the 
conductivity of which may be altered through application 

30 of a gate voltage to a positive gate electrode 5. The 
electrochemically active element 4 and part of the 
positive gate electrode 5 are covered with a layer of 
solidified electrolyte 10. In this embodiment, the source 
and drain contacts 2,3 and the electrochemically active 

35 element 4 are all formed by a continuous piece of the 
material . This piece is separated by a narrow gap from 
the gate electrode 5, so that there is no direct 
electrical contact between the electrochemically active 
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tact between the electrochemically active element 4 and 
the gate electrode 5 . 

The electrochromic device comprises an electrochro- 
mic element 6, as well as two electrodes 7/8. Covering 
5 the electrochromic element 6 and the first electrode 7 
is a layer of solidified electrolyte 9. There is no di- 
rect electrical contact between the first electrode 7 and 
the electrochromic element 6, but between the electro- 
chromic element 6 and the second electrode 8. The first 
10 electrode 7 of the electrochromic device is in direct 
electrical contact with, or rather coincides with, the 
source contact 2 of the electrochemical transistor de- 
vice. 

Upon function of the electrochemical pixel device 1, 

15 a colouring or decolouring current is supplied to the 

electrochromic element 6 through application of a voltage 
between drain contact 3 and electrode 8, corresponding to 
a drain- source -voltage V ds . The current actually supplied 
to the electrochromic element 6 is controlled by the con- 

20 ductivity in the electrochemically active element 4. This 
conductivity, in turn, is controlled by a gate voltage V g 
at the positive gate electrode 5. The gate voltage V g 
may, in certain embodiments, be applied between the posi- 
tive gate electrode 5 and a second, negative gate elec- 

25 trode 11, which may or may not be in direct electrical 
contact with the electrochemically active element 4. Al- 
ternatively, the gate voltage is applied between the 
positive gate electrode 5 and either of the source con- 
tact 2 or the drain contact 3. 

30 In an experiment using this embodiment of an elec- 

trochemical pixel device according to the invention, the 
device was manufactured as follows: a starting material 
of Orgacon™ foil, commercially available from Agfa and 
comprising the conducting and electrochromic polymer PE- 

35 DOT-PSS (poly- (3 , 4-ethylendioxythiophene) doped with 

poly(styrene sulfonate)) was used. Patterning of the PE- 
DOT-PSS substrate was done using a plotter tool equipped 
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with a scalpel . The electrolyte used was commercially 
available Blagel™ from Apoteksbolaget , Sweden. The gel 
was applied using silk-screen printing with a 45 /im 
thick, patterned vinyl foil as template. Alternatively, 
5 10% hydroxy ethyl cellulose in water may be used as the 
electrolyte gel. 

PEDOT-PSS is a material that exhibits a very light, 
pale blue colour and good conductivity in its native, 
partly oxidised state. When the PEDOT-PSS is reduced, its 

10 conductivity diminishes greatly, and the material is col- 
oured deeply blue. In such PEDOT-PSS pixel devices as the 
one described immediately above, having an architecture 
as shown in figure 1, the electrochromic device B is 
typically driven with V ds voltages between 1 . 5 and 2 V, 

15 and the display area varies between 1 and 2 cm 2 . The 
electrochromic element 6 in this case is reduced and 
switched to a deep blue colour. An electrode 7 that is 
oxidised also exists, otherwise the electrochromic ele- 
ment might be destroyed by over- oxidation . This counter- 

2 0 electrode is not always convenient, since it diminishes 

the active display area, but an approach to design a ver- 
tical architecture instead of the lateral design shown in 
figure 1 has been explored in order to solve this problem 
(see below in the description related to figures 8A-8D) . 

25 In experiments with the PEDOT-PSS pixel, the current 

passing through the electrochromic device was about 200- 
300 fiA in the beginning, at a V da of 2 V and an electro- 
chromic element area of 1-2 cm 2 . After approximately 10 s 
it was fully switched and saturated. The current flowing 

30 through the electrochromic device in this saturated state 
was around 50 /iA. The reason for this current even in the 
reduced, non-conducting state of PEDOT-PSS is leakage 
from the display cell . 

In these experiments, the electrochemical transistor 

35 device was driven by gate voltages between 0 and 1.5 V. 
At a gate voltage of 0 V, the electrochemically active 
element was fully conducting, and at 1.5 V, it was in its 
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"off" state. Already at 0.3-0.4 V it was evident from the 
appearance of blue colouring that the transistor channel 
was being reduced, which corresponds to an increased re- 
sistance. The resistance in the transistor channel was 
5 approximately around 10 kQ in its conducting state, which 
corresponded to a current of 2 00 /xA at 2 V. In the cut- 
off state, at gate voltages of around 1.5 V, the resis- 
tance was greatly increased. Current values of around 
2 00 nA were reached, corresponding to a resistance of 

10 10 MQ. The on/off -ratio for the electrochemical transis- 
tor device part of the electrochemical pixel device was 
thus 1000 in this case. Furthermore, extreme on/of f- 
ratios of 10 5 in the electrochemical transistor were 
reached with components made in alternative ways. 

15 Some working characteristics of this electrochemical 

pixel device: 

- The transistor channel was conducting at a gate 
voltage, V g , of 0 V, and substantially non-conducting at 
a V g of 1 V. 

20 - If already reduced, i e deep blue, the electro- 

chromic element decoloured at a V dg of 0 V, otherwise 
nothing happened. At a V ds of 2 V, electrochemistry oc- 
curred, and the elect rochromic element changed to its re- 
duced, deep blue state, and remained in this state as 
25 long as the voltage was applied. 

Effects of four possible combinations of voltages 
applied to the pixel: 

V g = 0 V, V de = 0 V; nothing happens, or the pixel 
decolours if it was reduced from the beginning. 
30 v g = 0 V, V ds = 2 V; colours the pixel, which then 

remains in this state. 

V g = l V, V ds = 0 V; the transistor channel is ren- 
dered non-conducting. If the pixel is already reduced, 
the increased impedance in the channel keeps the charges 
35 inside the pixel area. 

V g = l v, V ds = 2 V; nothing happens. 
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Figures 2-4 are diagrams of measurements performed 
on a PEDOT-PSS pixel device with the design shown in fig- 
ure 1. Figure 2 shows colouring of the electrochromic de- 
vice using a V ds of 2 V. The transistor channel was in the 
5 "on" state, i e V g = 0 V. The current through the channel 
was about 150 fiA at the outset, and then decreased be- 
cause of the reduction to a non-conducting state of the 
electrochromic element in the display cell. The electro- 
chromic element area in this measurement was 64 mm 2 , and 

10 the area of the counter-electrode was 90 mm 2 . After about 
five seconds, the pixel was fully switched. 

Figure 3 is a diagram showing decolouring of a pixel 
in two different cases. The upper curve. A, corresponds 
to the current from the electrochromic element at a V g of 

15 1.4 V, i e with the transistor channel closed. The lower 
curve, B, shows the current from the electrochromic ele- 
ment at a V g of 0 V, i e with the transistor channel 
open. 

Figure 4 shows decolouring of one pixel at different 
20 values of V g . The transistor channel was closed 

(V g = 1.4 V) for the first 50 s, whereupon it was opened 
(V g = 0 V) for the last 10 s. After 50 s of decolouring 
with a closed transistor channel, there were still a lot 
of charges in the electrochromic element, as evident from 
25 figure 4. When the transistor channel was opened, i e the 
gate voltage was set to 0 V, a decolouring current peak 
occurred. The size of this peak was almost 2 0 pA, which 
shall be compared to the few hundred nA of leak current 
when the channel was closed. 

30 

Lateral matrices of electrochemical pixel devices 

Several different matrices of electrochemical pixel 
devices have been realised, using the same materials as 
in the electrochemical pixel device embodiment described 
35 in the previous section. 

Shown in figure 5 is a column of five such pixels, 
or a 5x1 matrix. Using the reference numerals of figure 
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1, the drain contact 3 of each of the five pixels is con- 
nected to a conductor for simultaneous application of V ds 
to all pixels. The gate electrodes 5 and 11 are, in con- 
trast, arranged so that an individual gate voltage may be 
5 applied to each of the pixels independently. 

A more complex and also more useful matrix of elec- 
trochemical pixel devices is shown in figure 6. Here, 
five columns of five pixels are combined in a 5x5 matrix. 
The contacts to the rows and columns enable application 

10 of a colouring or decolouring V ds to one column at the 
time, while the gate electrodes of the transistors are 
connected so as to enable application of V g , and thus 
setting to "on" or "of f * , of all transistors in one row 
independently of the transistors in the other rows. 

15 For simplification of design, in order to minimise 

the number of crossings between the conductors supplying 
current to the various electrodes and contacts, a variant 
of the electrochemical pixel device was used to form a 
3x3 matrix, as illustrated in figure 7. In this variant, 

20 no negative gate electrode 11 is used, which means that 

one less conductor is needed. Furthermore, in matrices of 
devices that utilise two gate electrodes, there may occur 
problems with cross-talk between pixels through the con- 
ductors connecting the negative gate electrodes. The use 

25 of only one gate electrode per pixel device is one way of 
addressing this problem. Another alternative is to pro- 
vide a resistance on each negative electrode 11 (this is 
illustrated in the context of a vertical matrix design 
below) . 

30 

Vertical matrix of electrochemical pixel devices 

Referring now to figures 8A-8D, a 3x3 matrix of 
identical electrochemical pixel devices having a vertical 
design is shown. The matrix is formed from three differ- 
35 ent layers, and a sandwich structure of these layers put 
together makes up the ensemble of electrochemical pixel 
devices. The bottom layer I, shown in figure 8A, com- 
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prises the electrochemical ly active element 4 of each of 
the transistor devices. Also in this layer are positive 
(5) and negative (11) gate electrodes, and conductors 
connecting the gate electrodes of each row. In order to 
5 minimise cross-talk, the negative electrodes 11 have all 
been provided with a resistance, which is shown in the 
figures as a line interrupting each negative electrode 
11. The source and drain contacts 2,3 of the electro- 
chemical transistor device and one electrode 7 of the 

10 electrochromic device are also present in this layer. 

The middle layer II, or spacer layer, is shown in 
figure 8B. This layer comprises the elements of solidi- 
fied electrolyte that are necessary for the electrochemi- 
cal reactions in the electrochemical pixel device. Thus, 

15 the electrolyte 9 for the electrochromic device B is pro- 
vided so that it contacts the electrode 7 of the bottom 
layer I and the electrochromic element 6 of the top layer 
III when the layers are put together. In the same fash- 
ion, the electrolyte 10 for the electrochemical transis- 

20 tor device A is provided so that it contacts the electro- 
chemically active element 4 and the gate electrode 5 of 
the bottom layer when the layers are put together. The 
middle layer II also comprises vias 12, that are formed 
from an electrically conducting material and serve the 

25 purpose of mediating transport of charges to the drain 
contacts 3 of the bottom layer I from the top layer III, 
described next . 

Figure 8C illustrates the top layer III. In this 
layer, conductors 13 supply V da to the top layer via the 

30 vias 12 of the middle layer. The bottom layer also com- 
prises the electrochromic elements 6 of the vertical 
electrochromic devices. In this particular embodiment, 
the electrochromic elements 6 of all pixels* in a column 
are formed from the same piece of electrochromic and con- 

35 ducting material, and the electrodes 8 for application of 
V dB to the electrochemical pixel devices in this column 
may be thought of as those parts of this piece that are 
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not in contact with the gel electrolyte underneath. This 
arrangement makes possible the application of V da to 
drains 3 and electrodes 8, in a fashion similar to the 
operation of the single, lateral electrochemical pixel 
5 device shown in figure 1. The top layer III also com- 
prises areas 14, which have been made non-conducting or 
isolated, which are in contact with the electrochemical 
transistor device electrolytes 10 in the layer above and 
which serve the purpose of preventing leak currents from 
10 the electrochemically active elements 4 . 

Figure 8D is a simple sketch of the three layers 
taken together, which is primarily intended to illustrate 
the vias 12, which establish electrical contact between 
components of layers I and III. 



15 
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CLAIMS 

1. A pixel device, which comprises the following 
components : 

5 (A) an electrochemical transistor device comprising: 

a source contact; a drain contact; at least one gate 
electrode; an electrochemically active element arranged 
between, and in direct electrical contact with, the 
source and drain contacts, which electrochemically active 

10 element comprises a transistor channel and is of a mate- 
rial comprising an organic material having the ability of 
electrochemically altering its conductivity through 
change of redox state thereof; and a solidified electro- 
lyte in direct electrical contact with the electrochemi- 

15 cally active element and said at least one gate electrode 
and interposed between them in such a way that electron 
flow between the electrochemically active element and 
said gate electrode (s) is prevented; whereby flow of 
electrons between source contact and drain contact is 

20 controllable by means of a voltage applied to said gate 
electrode (s) , and 

(B) an electrochromic device comprising: at least 
one electrochromic element comprising (i) at least one 
material that is electrically conducting in at least one . 

25 oxidation state and (ii) at least one electrochromic ma- 
terial, wherein said materials (i) and (ii) can be the 
same or different; at least one layer of a solidified 
"electrolyte which is in direct electrical contact with 
said electrochromic element; and at least two electrodes 

30 adapted for application of a voltage therebetween; each 
of said electrodes being in direct electrical contact 
with a component selected from said electrolyte layer (s) 
and said electrochromic element; 

in which pixel device one of said source and drain 

35 contacts of the electrochemical transistor device A is in 
electrical contact with one of the electrodes of the 
electrochromic device B. 
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2 . An electrochemical pixel device according to 
claim 1, in which the source contact of the electrochemi- 
cal transistor device A is in electrical contact with one 
5 of the electrodes of the electrochromic device B. 



3 . An electrochemical pixel device according to 
claim 1, in which the drain contact of the electrochemi- 
cal transistor device A is in electrical contact with one 
10 of the electrodes of the electrochromic device B. 



4 . An electrochemical pixel device according to any 
one of the preceding claims, in which said source and 
drain contacts, gate electrode (s) and electrochemically 

15 active element of the electrochemical transistor device A 
are arranged in one common plane. 

5 . An electrochemical pixel device according to 
claim 4, in which, in the electrochemical transistor de- 

20 vice A, a continuous or interrupted layer of solidified 
electrolyte covers the electrochemically active element 
and covers at least partially said gate electrode (s) . 



6. An electrochemical pixel device according to any 
25 one of the preceding claims, in which, in the electro- 
chemical transistor device A, at least one of said source 
and drain contacts and gate electrode (s) is formed from 
the same material as the electrochemically active ele- 
ment . 

30 

7 . An electrochemical pixel device according to 
claim 6, in which, in the electrochemical transistor de- 
vice A, all of said source and drain contacts and gate 
electrode (s) are formed from the same material as the 

35 electrochemically active element. 
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8 . An electrochemical pixel device according to any- 
one of claims 6-7, in which, in the electrochemical tran- 
sistor device A, the source and drain contacts and the 
electrochemically active element are formed from a con- 
5 tinuous piece of said material comprising an organic ma- 
terial . 



9 . An electrochemical pixel device according to any 
one of the preceding claims, in which, in the electro- 
10 chromic device B, the electrodes are formed from the same 
material as the electrochromic element. 



10. An electrochemical pixel device according to any 
one of the preceding claims, in which the source and 

15 drain contacts, the electrochemically active element and 
the gate electrode (s) of the electrochemical transistor 
device A and the electrochromic element and the elec- 
trodes of the electrochromic device B are all formed from 
the same material. 

20 

11. An electrochemical pixel device according to any 
one of the preceding claims, in which, in the electro- 
chemical transistor device A, the organic material is a 
polymer . 

25 

12. An electrochemical pixel device according to any 
one of the preceding claims, in which, in the electro- 
chromic device B, the electrochromic material comprises 
an electrochromic polymer. 

30 

13. An electrochemical pixel device according to any 
one of claims 11-12, in which the organic material in the 
electrochemical transistor device A is a polymer and the 
electrochromic material in the electrochromic device B 

35 comprises an electrochromic polymer. 
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14. An electrochemical pixel device according to 
claim 13, in which the electrochromic polymer in the 
electrochromic device B is the same material as the poly- 
mer in the electrochemical transistor device A. 

5 

15. An electrochemical pixel device according to any 
one of claims 11-14, in which any electrochromic polymer 
present in the electrochromic device B and any polymer 
present in the electrochemical transistor device A is se- 

10 lected from the group consisting of polythiophenes, 

polypyrroles , polyanilines , polyisothianaphtalenes , poly- 
pheny! ene vinylenes and copolymers thereof. 

16. An electrochemical pixel device according to 
claim 15, in which any electrochromic polymer present in 
the electrochromic device B and any polymer present in 
the electrochemical transistor device A is a polymer or 
copolymer of a 3 , 4-dialkoxythiophene, in which the two 
alkoxy groups may be the same or different or together 
represent an optionally substituted oxy-alkylene-oxy 
bridge . 

17. An electrochemical pixel device according to 
claim 16, in which said polymer or copolymer of a 3,4-di- 
alkoxythiophene is selected from the group consisting of 
poly (3 , 4 -methyl enedioxythiophene) , poly (3 , 4 -methyl enedi- 
oxythiophene) derivatives, poly (3 , 4-ethylenedioxythio- 
phene) , poly (3 , 4-ethylenedioxythiophene) derivatives, 
poly (3,4 -propylenedioxythiophene) , poly (3 , 4 -propylenedi- 
oxythiophene) derivatives , poly (3 , 4-butylenedioxythio- 
phene) , poly (3 , 4 - butyl enedioxyt hi ophene) derivatives , and 
copolymers therewith . 

18. An electrochemical pixel device according to any 
35 one of the preceding claims, in which the electrochromic 

material in the electrochromic device B and/or the or- 
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ganic material in the electrochemical transistor device A 
comprise (s) a polyanion compound. 

19. An electrochemical pixel device according to 
5 claim 18, in which said polyanion compound is 

poly(styrene sulfonate) or a salt thereof. 

20. An electrochemical pixel device according to any 
one of the preceding claims, in which the solidified 

10 electrolyte in the electrochemical transistor device A 
and/or the solidified electrolyte in the electrochromic 
device B comprise (s) a binder. 

21. An electrochemical pixel device according to 
15 claim 20, in which said binder is a gelling agent se- 
lected from the group consisting of gelatine, a gelatine 
derivative, polyacrylic acid, polymethacrylic acid, 
poly (vinylpyrrolidone) , polysaccharides, polyacryl amides, 
polyurethanes, polypropylene oxides, polyethylene oxides, 

20 poly(styrene sulphonic acid) and poly (vinyl alcohol), and 
salts and copolymers thereof. 

22 . An electrochemical pixel device according to any 
one of the preceding claims, in which the solidified 

25 electrolyte in the electrochemical transistor device A 
and/or the solidified electrolyte in the electrochromic 
device B comprise (s) an ionic salt. 

23. An electrochemical pixel device according to any 
30 one of the preceding claims, in which the same solidified 

electrolyte is used in both the electrochemical transis- 
tor device A and the electrochromic device B. 

24 . An electrochemical pixel device according to any 
35 one of the preceding claims, arranged on a support. 
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25. An electrochemical pixel device according to 
claim 24, in which said support is selected from the 
group consisting of polyethylene terephthalate, polyeth- 
ylene naphthalene dicarboxylate, polyethylene, polypro- 

5 pylene, polycarbonate, paper, coated paper, resin-coated 
paper, paper laminates, paperboard, corrugated board and 
glass . 

26. An electrochemical pixel device according to 
10 claim 24 or claim 25, in which said support is reflec- 
tive . 



27. An electrochemical pixel device according to any 
one of the preceding claims, in which, in the electro- 

15 chromic device B, the electrodes and the electrochromic 
element are arranged side by side in a common plane. 

28. An electrochemical pixel device according to any 
one of claims 1-26, in which, in the electrochromic de- 

20 vice B, the electrodes and the electrochromic element are 
arranged vertically. 



29. A matrix comprising a plurality of the electro- 
chemical pixel device according to any one of claims 1- 

25 28. 

30. A matrix according to claim 29, in which the 
electrochemical pixel devices have one gate electrode 
each. 

30 

31. A matrix according to claim 29, in which the 
electrochemical pixel devices have at least two gate 
electrodes each. 



35 32. A matrix according to claim 31, in which one of 

the gate electrodes of each electrochemical pixel device 
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is provided with a resistance, in order to minimise 
cross-talk between pixels. 

33 . A pixelated display comprising a matrix accord- 
5 ing to any one of claims 29-32. 

34. A process for the production of an electrochemi- 
cal pixel device according to claim 1, which process com- 
prises deposition of said contacts, electrodes, electro- 

10 chemically active element, electrochromic element and 
electrolyte (s) onto a support. 

35. A process according to claim 34, wherein said 
contacts, electrodes, electrochemically active element, 

15 electrochromic element and/or electrolyte (s) are depos- 
ited by means of printing techniques. 

36. A process according to claim 34, wherein said 
contacts, electrodes, electrochemically active element, 

20 electrochromic element and electrolyte (s) are deposited 
by means of coating techniques . 

37. A process according to any one of claims 34-36, 
in which device said organic material of the electro- 

25 chemical transistor device A and/or said electrochromic 
element of electrochromic device B comprises a polymer, 
which process comprises deposition of said polymer on a 
support through in situ polymerisation. 

30 38. A process according to any one of claims 34-37 

comprising patterning of any one of contacts, electrodes, 
electrochemically active element and electrochromic ele- 
ment using a subtract ive method. 

3 5 39. A process according to claim 38, in which said 

patterning is performed through chemical etching. 
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40. A process according to claim 38, in which said 
patterning is performed through gas etching. 

41. A process according to claim 38, in which said 
5 patterning is performed by mechanical means, comprising 

scratching, scoring, scraping and milling. 

42. A process according to any one of claims 34-41, 
in which said electrochemical pixel device is as defined 

10 in any one of claims 2-28. 
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